A PET study of patients with Alzheimer's disease (AD) engaged in a delayed match-to-sample face recognition task revealed that performance declines as a function of increasing delay, a pattern accompanied by reduced functional connectivity of prefrontal cortex but increased connectivity of the left amygdala. Here, we characterize the changes in interactions within this amygdalar circuit across the memory delays using structural equation modeling. The magnitude of effective connections was found to be much greater in the patients than in the controls, notably from the left amygdala to left inferior prefrontal cortex, which, in turn, influenced its right homologue. The influence from the amygdala to the left hippocampus, in contrast, was not strong in either group. We interpret this pattern of interactions as possibly reflecting the compensatory recruitment of a dynamic neural network, perhaps involved in implicit emotional processing, in the context of a faulty executive maintenance and retrieval system.
Introduction
The existence of dynamic and complex interactions between cognition and emotion within local convergent sites is receiving greater attention (Dalgleish, 2004; LaBar and Cabeza, 2006; Phelps, 2004; Stuss and Levine, 2002) but remains poorly understood at the level of distributed brain systems and the nature of their communication. Disruption to one or more of these local sites and their connections, as in the case of Alzheimer's disease (AD), necessarily influences the functional milieu of the remaining network 1 . A likely consequence of this breakdown is a decline in performance, such as the behavior changes seen on tests of short-term episodic memory. At the same time, there is the possibility of compensatory changes that allow performance to remain above what would be expected given the extent of structural damage to the hippocampus and related regions (Braak et al., 1993; Perry and Hodges, 1996) . For example, memory networks may be redirected towards more primitive circuitry involving regions implicated in emotional processing that are known to be relatively spared in early AD (Hamann, 2001; Kazui et al., 2000; LaBar et al., 2000; Padovan et al., 2002; Winograd et al., 1999) . The present study examines the neural basis of such a network as a possible compensatory mechanism in AD patients who show short-term episodic memory decline, likely corresponding to known loss of integrity in medial temporal lobe (MTL) structures.
That such functional reorganization in AD is possible is indicated by a study of interregional covariances of activity underlying short-term memory for faces under varying delay between initial exposure and recognition (Grady et al., 2001) . Results showed that activity in right prefrontal cortex (PFC) in AD patients and controls, together with left amygdala activity only in the patients, increased with better recognition at the longest delays, though only the former of the two structures is relatively preserved until later stages of disease progression (Chase et al., 1987; Grady et al., 1990) . Nonetheless, correlations of right PFC activation were limited to other right PFC regions in the patients and did not include the hippocampus or face-specific perceptual regions found to be correlated with right PFC in controls. Presumably, this rerouting in the patients accounts for the interference with normal face recognition, but performance in the patients was not at chance, suggesting the presence of a mechanism to offset any further decline. Accordingly, unlike PFC, which is often engaged more in older than younger adults during memory tasks (Cabeza et al., 1997; Grady et al., 1994) , the amygdala is not normally recruited to any greater extent, though increased activity within this region was found to be associated with better task performance during longer memory delays in the patients. The compensatory value of this structure may be better understood in the context of other emotion-related regions that are anatomically connected (Amaral et al., 1992) and with which activity covaried in the patients, namely inferior PFC, anterior cingulate, and insula. This is in contrast to a less extensive network of temporal and occipital correlations in the controls (Grady et al., 2001) .
These findings raise the possibility that the amygdala and its connectivity with related brain structures may serve as a buffer for episodic memory decline following degeneration of other MTL regions, either directly by influencing other MTL regions, or indirectly. The goal of the present study was to characterize the strength and direction of effective connections associated with short-term memory for faces in healthy aging and AD. We used structural equation modeling (SEM) to specify the effective connectivity among regions within the emotion processing network identified previously (Grady et al., 2001) . With this approach, we sought to explore how the brain is able to support some short-term episodic memory despite local damage to structures believed to be necessary, which may be achieved through the emergence of unique, though perhaps suboptimal, modes of interaction among regions within the remaining system. We therefore expected greater utilization of a limbic network associated with incidental emotional processing of faces with increasing delay in AD patients, but not in controls, to compensate for weaker functional links between anterior and posterior memory regions. The hippocampus, which is implicated in emotional memory through interactions with the amygdala but is not considered an emotion processing structure on its own (e.g., Bechara et al., 1995) , also was included in the analysis. Demonstration that the hippocampus is not modulated directly by activity in emotion-related structures would be suggestive of an implicit or indirect emotional strategy underlying improved performance in the patients.
Methods
Data for the present study were from an earlier study by Grady et al. (2001) . Details of the experimental design are provided in the original study and described briefly here.
Subjects
The study included 32 participants: 11 patients diagnosed with Alzheimer-type dementia (3 possible and 8 probable; 4 women and 7 men; mean age = 67.9 ± 11 years, range = 59-84 years; IQ = 109 ± 14; MMSE = 24 ± 4) and 21 healthy, age-matched controls (9 women and 12 men; mean age = 66.8 ± 5.6 years, range = 57-81 years; IQ = 129 ± 7). All participants had a mean of 16 years of education and, other than AD in the patients, none suffered from neurological or psychiatric impairment. None of the patients reported feelings of increased arousal during task performance.
Data acquisition
PET scans were performed on all participants with injections of 37.5 mCi of H 2 15 O each, separated by 12 min on a Scanditronix PC2048-15B tomograph (Uppsala, Sweden; reconstructed resolution of 6.5 mm in both transverse and axial planes). A more detailed description of the scanning procedure is provided in Grady et al. (2001) . Informed written consent was obtained from all participants, and experimental procedures followed the guidelines on ethical conduct for research with human subjects as prescribed by the National Institute on Aging in accordance with the Declaration of Helsinki.
Task design
Participants were administered a two-alternative, forcedchoice recognition task of unfamiliar faces selected from a high school yearbook across 4 delays ranging from 1 to 16 s between study and choice arrays, presented for 4 s each . The study array contained the to-beremembered 'sample' face centered in the top half of the screen. This was followed by a blank array presented during the delay period, and then a choice array with two faces appearing side by side in the bottom half of the screen, with one of the faces matching the sample face. Participants were instructed to determine as quickly and accurately as possible the photograph that depicted the same face as a studied target Note: functional connectivity in task analyses reported for the two groups (see Grady et al., 2001 ) served as the source for all coordinates of regions included in the current SEM analysis. Coordinates in bold refer to the location of the left amygdala reference region (seed) with which activity in the other regions was found to covary. BA: Brodmann area; Hemi: hemisphere; R: right; L: left.
with a corresponding button press. Alternating right and left button presses to noise patterns with visual complexity similar to that of the faces and placed in the same positions as in the stimulus array served as a sensorimotor control task. 
Data analysis
Images were registered, normalized into standard Talairach and Tournoux space, and smoothed with a Gaussian filter of 10 mm using statistical parametric mapping (SPM95; Wellcome Department of Cognitive Neurology, London, UK). In the prior analysis, we determined the brain regions with delay-related changes in rCBF for each group and how brain activity correlated with behavioural performance (Grady et al., 2001) . A region of the left amygdala was identified that showed task and behaviour-related activity in the patients, and an additional analysis identified the brain areas where activity was correlated with the amygdala. The regions chosen for the current analysis were obtained from these analyses as described below.
Structural equation modeling
SEM combines known anatomical pathways with interregional covariances among selected brain regions to quantify the influence of each region on another (i.e., effective connectivity; McIntosh and Gonzalez-Lima, 1994) . The first step in SEM is to determine the anatomical model. We constructed this model based on the results from the prior analysis, which suggested differential recruitment of a network of brain regions, each represented by a single voxel 2 , that covaried across delay with the left amygdala in the AD group. In addition to the left amygdala, the model included bilateral inferior PFC, anterior cingulate, and left insula, as they are anatomically interconnected and displayed strong positive correlations with the amygdala in the patients but not in the controls in the original report (Grady et al., 2001) . These regions are all known to play a role in emotional processing of stimuli, including faces (Dolan et al., 1996; Hornak et al., 1996; Morris et al., 1998; Phillips et al., 1997; Whalen et al., 1998) . The left hippocampus was also entered as a node as an added test to determine if the amygdala modulates activity of this region in either group. The coordinates of regions included in the model are presented in Table 1 .
Following the selection of regions, neuroanatomical networks of afferent, or feedforward, connections between regions were defined based on the existing non-human primate literature to determine the causal structure of the model (Amaral et al., 1992; Petrides and Pandya, 1994; Suzuki and Amaral, 1994; Van Hoesen et al., 1993) . For simplicity, anatomically based feedback connections as well as interhemispheric homologous connections were included in the model only if the modification index suggested that these connections would contribute substantially to the model (McIntosh and Gonzalez-Lima, 1994) .
Correlation matrices of activity between regions were calculated for each group, and estimates of path coefficients (numerical weights) representing the magnitude and nature (i.e., excitatory or inhibitory; Nyberg et al., 1996) of each neural connection were then defined for each connection using LISREL (Joreskog and Sorbom, 1999 ). An omnibus test of the difference in path coefficients between the two groups was first calculated using a stacked model. The difference between χ 2 -goodness-of-fit values for null and alternative models, in which path coefficients were set to be equal or allowed to vary between groups, respectively, was calculated to determine if the models differed significantly. Differences in individual paths were then tested with a hierarchical model. Connections were set to be equal across groups and were allowed to vary in a step-wise fashion, and only those connections found to differ significantly across group were left unconstrained as the analysis progressed to other connections. A more detailed account of this method has been described previously (McIntosh and Gonzalez-Lima, 1994; Nyberg et al., 1996) . Fig. 1 shows the path coefficients for each group for the 1 and 16 s delays. The omnibus comparison revealed a significant difference in path coefficients between groups at each delay (χ 2 diff(13) = 46.28, p < 10 −5 ). Testing of individual paths indicated that there was little engagement of the network at the 1 s delay in either group. Both healthy controls and AD patients showed a strong positive influence of left inferior PFC on right inferior PFC. Controls showed additional, relatively weak positive influences of the left Fig. 1 . Graphic representation of the functional networks relating to the left amygdala reference region (seed) for each group. The arrow width for each path represents the magnitude of each connection. Values for the width gradient are provided in the legend at the bottom. Positive path coefficients are represented as red arrows, negative coefficients as blue arrows, and coefficients that did not differ across group as gray arrows. To maintain figure clarity, paths where the coefficient was at or near zero are represented by dotted lines, and the relative locations of brain regions are distorted. amygdala on the left hippocampus and the anterior cingulate on the right inferior PFC. The reverse pattern was present in the patients, such that the left amygdala had a weak negative influence on the left hippocampus and a stronger negative influence of the anterior cingulate on the right inferior PFC. At the 16 s delay, path coefficients were generally of greater strength in the patients than in the controls, particularly with respect to positive influences from the left hippocampus and left insula on anterior cingulate, and from the left hippocampus and left amygdala on left inferior PFC, which also received negative input from the left insula but culminated in a positive influence on the right PFC. Direction of interactions also differed across groups such that the patients showed additional positive influences of the anterior cingulate on the left amygdala, a negative influence of the anterior cingulate on the right PFC and from the right to left inferior PFC. In contrast, no strong direct input to the left hippocampus from the left amygdala was identified in either group at the 16 s delay.
Results

Discussion
The present study aimed to uncover the nature of interactions within a network of structures that are associated with emotion processing and that may help to sustain performance on a delayed match-to-sample face recognition task in AD patients but not in healthy older adults. The set of interactions relating to left amygdala activity identified in the AD patients was found to be distinct from that utilized by the controls. In particular, the results indicated strong, positive increases in left amygdala input and output at the 16 s delay in the patients relative to controls. Strong, positive output from the left amygdala and from the left hippocampus to left and then right inferior PFC was identified. However, the left hippocampus was not modulated directly by the left amygdala in either group at the 16 s delay, and received only weak input from the amygdala in the control group at the 1 s delay. These findings suggest that an implicit emotional mechanism, mediated by amygdala connectivity with emotion-related regions, may underlie performance in the patients.
It is unlikely that brain regions that remain structurally intact are functionally insulated from the effects of damage elsewhere in the brain, whether resulting in the disruption or maintenance of performance (Price and Friston, 2002) . Neurodegenerative diseases, such as AD, may differentially affect functional integrity within individual regions that are structurally compromised, such as the hippocampus and amygdala, as well as within networks of regions, and these changes are not always readily captured with univariate approaches that assess activity within each region separately. The few studies that have applied network analysis to understanding AD have reported degraded interactions between the PFC and posterior regions, including the hippocampus during short-term episodic memory (Grady et al., 2001) , visual regions during face perception (Bokde et al., 2006; , and parietal regions in the resting state (Azari et al., 1992; Horwitz et al., 1987; Wang et al., 2007) . In contrast, successful performance on tests of explicit memory in AD patients appears to rely on interactions among a set of PFC regions in isolation of more posterior regions (Grady et al., 2003; Stern et al., 2000) . Here we show that increased PFC connectivity may not be the only route by which AD patients compensate for cognitive loss due to neural degeneration early in the course of the disease.
Multiple, reciprocal connections among limbic and paralimbic systems with sensory, perceptual, memory, executive, and action systems form an intricate circuitry by which thought is coloured by valence and arousal. Emotion, in turn, is modulated by the ability to comprehend, attend to, maintain, and strategically encode and retrieve information. The network of influences identified in the AD patients but not in the controls may reflect this interplay, allowing for the emergence of an anterior-posterior circuit of primarily lefthemisphere 'emotional' regions to offset the earlier finding of a disconnection between 'cognitive' dorsolateral PFC and hippocampus (Grady et al., 2001) . Correlated activity with the amygdala, but not hippocampus, was found to underlie better performance in the patients, even though the hippocampus and amygdala are both affected in early stages of AD. The current study extends this finding by showing that the two structures maintain different patterns of connectivity with other structures.
The MTL memory system, though not considered emotional on its own, is known to be strongly influenced by the emotional content of stimuli during explicit encoding and retrieval via its strong reciprocal connections with the amygdala (LaBar and Cabeza, 2006) . Using SEM, Kilpatrick and Cahill (2003) provided direct evidence for such an effect: increased activity in the right amygdala led to increased activity in right parahippocampus and right inferior PFC during encoding of emotional film clips in healthy young adults. We found a similar influence of left amygdala activity on left inferior PFC activity, which in turn led to an increase in right inferior PFC activity, but no such influence on the left hippocampus was found, suggesting that an explicit emotional memory strategy in the present study was unlikely.
The network of interactions revealed may instead reflect incidental processing of the emotional content of the faces, which included neutral and happy expressions. The amygdala, anterior cingulate, insula, and inferior PFC have all been associated with emotional face perception and memory (Hornak et al., 1996; Morris et al., 1998; Phillips et al., 1997) , even when emotional processing is covert (Critchley et al., 2000; Dolan et al., 1996; Whalen et al., 1998) . Left amygdala and inferior PFC function have been associated with a wide range of emotions, including processing of neutral and happy facial expressions (Fitzgerald et al., 2006) . Also consistent with the current results are earlier reports of bilateral amygdala, anterior cingulate, and inferior PFC recruitment during nonconscious or incidental perception of happy faces (Gorno-Tempini et al., 2001; Killgore and Yurgelun-Todd, 2004; Williams et al., 2004) . A related possibility is that the AD patients recruited an inhibitory system to suppress any emotional response elicited by the faces that is irrelevant to task performance. This is suggested by recent evidence that the role of left inferior PFC in inhibitory processing extends to control of emotional distraction during the delay period of a short-term memory task for neutral faces . Importantly, activity in this region was correlated with that of the amygdala . These findings suggest that the amygdala sends input to inferior PFC to signal the presence of emotional distraction, a result that is consistent with the pattern of connectivity seen in our model. It is also possible that the network revealed in the current study reflects differences in the emotional response of the patients and controls (Ressler and Mayberg, 2007) . We view this explanation as unlikely, however, as none of the participants had a history of anxiety or mood disorder, and there was no suggestion of increased arousal in either group during task performance. Future work is needed to differentiate among these alternatives and to determine whether this altered connectivity directly supports short-term memory in AD.
To conclude, a core network of influences within an emotional circuit was more pronounced in AD patients than in healthy older participants during a delayed match-to-sample face recognition task. The direction of influences from left amygdala and left hippocampus on left and then right inferior PFC, in the absence of direct amygdala-hippocampal interactions, may reflect an implicit signaling of emotional content in the faces to increase their memorability or the need to diminish emotional distraction. To our knowledge, this is one of only two studies to apply effective connectivity analysis to neuroimaging of AD (see Horwitz et al., 1987) , and the first to use this approach to characterize the functional interactions that facilitate memory performance. The shift to "hot" emotional processing to achieve what would normally be under the guidance of "cold" cognitive processing may inform intervention strategies for AD patients in early stages of the disease.
Conflicts of interest
None.
